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ABSTRACT

This study investigates sulfur dioxide (SO,) emissions from Stromboli's explosive activity using ground-based remote sensing
techniques. We analyze the SO, mass derived from ultraviolet (UV) and thermal infrared (TIR) cameras, alongside explosion
parameters and emitted products obtained from high-frequency thermal imaging. Our dataset (May 23-24, 2023) includes
49 explosions ranging from gas-dominated (Type 0) to bomb-dominated (Type 1) and ash-rich (Type 2). During non-explosive
periods, UV and TIR SO, masses are generally comparable, whereas explosions show systematic TIR overestimation relative to
UV. The TIR/UV deviation scales with plume temperature and eruption type, reflecting TIR sensitivity to thermal radiation and ash
scattering, while UV retrievals remain largely temperature-independent. Our results emphasize the need for temperature-based
corrections in TIR retrievals, and support integrated multi-sensor approaches for robust, real-time monitoring of volcanic gas
emissions.

KeywoRrbs: Cyberinfrastructure; FAIR science; Cloud computing; Numerical models; Volcanology.

1 INTRODUCTION Both UV and TIR cameras measure SO, in volcanic plumes

Satellite based remote sensing, operating in the ultraviolet (UV)
and thermal infrared (TIR) spectral regions, is well established
for volcanic monitoring [Prata and Grant 2001; Watson et al.
2004; Corradini et al. 2010; Coppola et al. 2016; Marzano et al.
2018; Corradini et al. 2021]. Space-based UV and TIR sen-
sors have been successfully used to detect and retrieve the
two-dimensional distribution of SO, in volcanic plumes [Cor-
radini et al. 2021}, yet discrepancies between these estimations
require further investigation.

On the ground, UV cameras have been widely employed to
monitor volcanic gas emissions ranging from fumarolic activ-
ity [Tamburello et al. 2011; 2012; Aiuppa et al. 2023] to per-
sistent open-vent degassing [Barnie et al. 2015; Delle Donne
et al. 2017]. Operating typically at a temporal resolution of
~1 Hz, these systems are well-suited for tracking passive de-
gassing and are generally adequate for monitoring plume evo-
lution and estimating the associated gas flux, but they may lack
the temporal fidelity required to capture the rapid dynamics
of explosive eruptions, particularly during the first seconds,
when the highest velocities occur. Conversely, ground-based
TIR cameras—commonly used to monitor explosive activity
[Patrick et al. 2007; Sahetapy-Engel and Harris 2009; Gaudin
et al. 2017; Mereu et al. 2023; Rowell et al. 2023}—have only
recently been proposed as tools for SO, retrieval [Prata et al.
2024; Guerrieri et al. 2025]. Such studies have introduced
low-cost thermal imaging systems and accompanying radia-
tive transfer models capable of estimating plume geometry,
velocity, and SO, column, marking an important step toward
integrating TIR technology into volcanic gas monitoring.
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along an optical path from the ground. However, each tech-
nique is subject to different sources of error and noise. A key
advantage of TIR cameras is their ability to operate contin-
uously, while UV cameras are limited to daylight conditions
but offer higher sensitivity. This feature is well-known for
satellite UV sensors such as Sentinel-5P TROPOMI, which
detect SOy with roughly thirty times higher sensitivity than
multispectral TIR sensors [Corradini et al. 2021]. Addition-
ally, the presence of volcanic ash in the plume introduces sys-
tematic biases: UV-based SO, retrievals tend to be under-
estimated due to ash-induced absorption and scattering [Var-
nam et al. 2021}, whereas TIR measurements can be overesti-
mated, particularly during ash-rich eruptions [Corradini et al.
2009; Kearney and Watson 2009]. In addition to ash-caused
biases, TIR-based SO retrievals are particularly sensitive to
plume-background thermal contrast which can lead to signif-
icant overestimation [Prata and Bernardo 2009; 2014; Lopez
et al. 2015]. Given these limitations, a systematic intercom-
parison of the two techniques is crucial for improving our
understanding of SO, retrieval discrepancies.

We conducted a field campaign on May 23-24, 2023, at
Stromboli volcano using a synchronized multi-camera system
to investigate SO, emissions across a range of eruptive styles.
With its combination of continuous passive degassing and fre-
quent explosive activity, Stromboli provides an ideal natural
laboratory for testing SO, retrieval methods using UV and TIR
cameras. Most SO, release occurs within the first few seconds
of an explosion, with an average degassing duration of ~8 sec-
onds [Delle Donne et al. 2017; Taddeucci et al. 2018], making
it challenging to capture key processes such as the arrival of
multiple gas pulses [Taddeucci et al. 2012; 2023].
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During the campaign, we measured the SO, mass above the
crater terrace over time during both quiescent and explosive
phases using UV and TIR imaging, incorporating a scientific-
grade thermal infrared camera to detect thermal anomalies
with high spatial and temporal resolution. This integrated
setup enabled a detailed characterization of the relationship
between explosive dynamics and degassing behavior. The
main objective was to compare UV and TIR signals to test
the response of the two techniques in quantifying SOy mass
across different explosive conditions (e.g. ash-rich versus ash-
poor eruptions, passive degassing).

2 CASE STUDY

Stromboli has long been an ideal site for studying various gas
release modes and rates from active volcanoes, making it a
key location for multiparametric field experiments on basaltic
explosive volcanism. The volcano exhibits a range of de-
gassing styles, including mild-to-moderate Strombolian explo-
sions, persistent passive degassing, and rhythmic gas puffing
[Harris and Ripepe 2007], occurring on the summit crater ter-
race (~750 m as.l, Figure 1A). The frequency, style, and in-
tensity of these explosions can vary significantly over short
time scales, ranging from 1 to several explosions per hour
[Patrick et al. 2007]. High-energy major explosions (110 per
year) or paroxysmal events (1-3 per decade) can also occur
over longer periods [Andronico et al. 2021]. During the exper-
iment, the three instruments, i.e. the SO, retrieving UV and
TIR cameras plus the high frequency FLIR camera (Table 1),
were co-located at ~400 m elevation along the NE flank of the
Sciara del Fuoco, offering a direct view of the active crater
terrace (~1023 m away, Figure 1A—1C). In the observation pe-
riod, explosions occurred from one vent in the NE crater and
two vents in the SW crater area. This study focuses on the
SW vents, designated as S1 and S2 (Figure 1A).

3 METHODS

Over a total ~5 hours of overlapping observations, 49 explo-
sions were recorded, providing a valuable dataset for compar-
ing UV and TIR SO retrievals in an explosive degassing con-
text. The images obtained were synchronized with GPS. To
enable point-by-point comparison across datasets, the higher-
frequency UV (10 Hz) and FLIR (30 Hz) time series were
resampled to match the 0.5 Hz acquisition rate of the TIR
data. This was achieved using MATLAB’s retime function with
the nearest neighbor method, ensuring temporal alignment
without applying any smoothing.

For the retrieval of SO, mass, we deliberately opted to use
a fixed region of interest (ROI) positioned directly above the
crater vent Figure 1D), consistently applied across both instru-
ments, and integrating SO, column densities within this ROI
to obtain the total SOy mass per frame. This approach was
chosen to ensure a synchronous, spatially aligned comparison
between the two techniques, minimizing discrepancies and
avoiding assumptions about plume dynamics. The ROI loca-
tion was also dictated by practical constraints, like the limited
field of view of the UV camera and the short-lived, relatively
low-magnitude nature of the investigated explosions, which
dissipate rapidly and become harder to detect with distance.
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Placing the ROI close to the vent maximizes SO, signal de-
tectability for the UV system. An alternative method often
used in volcanic gas studies involves computing the SO, flux
by integrating the column amounts across a transect located
perpendicular to the plume and multiplying by an assumed
plume velocity to obtain the mass. However, while this ap-
proach can provide time-resolved flux series, it was not suit-
able for our objective of comparing retrieval techniques under
controlled and comparable conditions. In our case, it would
have introduced substantial additional uncertainties, most no-
tably from the assumptions required for plume velocity and
from spatial and temporal mismatches between instruments.
Table 1 summarizes the main characteristics of the UV, TIR
and FLIR ground based systems used during the field cam-

paign.
3.1 UV camera

This study employs a portable, manually operated dual UV
camera system made up of two Thorlabs 340UV-GE cameras
(Figure 1C) that are mounted closely together on a rail and
supported by a tripod (a similar setup is detailed in Rantzas
et al. [2010] and Tamburello et al. [2011, 2012]. This UV
camera model supports high-frequency data capture of up to
50 Hz, enabling the detection of gas variations during explo-
sive events. The two CCD (Charge-Coupled Device) cameras
come equipped with a 1/3" format sensor featuring 640 x 480
pixels (320 x 240 following vertical and horizontal binning),
with pixel dimensions of 7.4 X 7.4 um and a 14-bit digital
output via gigabit ethernet. Each camera has 25 mm quartz
lenses and bandpass filters centered at 310 and 330 nm. The
310 nm filter captures SOy absorption, while the 330 nm filter
measures wavelengths outside the absorption bands, allowing
for a qualitative measure of absorbance (A) per pixel as:

A = —loo.. [[Pa10/1Bs1o
$10 IP330/1B330

where IP and IB represent the pixel intensity values of the
dark-subtracted plume and background sky images, respec-
tively, with filters applied. This calculation produces an off-
set in the absorbance from the clear sky in the absence of
SO,. This value is captured during processing, and the mo-
bile mean is subtracted from each image to correct the off-
set. The UV camera system is calibrated every hour between
measurement sequences, using gas cells of known SO, slant
column densities (SCD of 208, 1000, 2000 ppm-m) placed in
front of the camera, and more often when lighting conditions
change rapidly. The known SCD are plotted versus A, and
the slope and intercept derived from the best fit line are used
to convert absorbance values to ppm-m for each pixel. Data
acquisition is managed by custom LabVIEW code, while image
processing is performed post-acquisition using custom Python
3 code. Preprocessing included image alignment to correct for
shifts between the two simultaneously operating UV cameras,
establishing calibration coefficients, and choosing a clear sky
background area. It is important to note that during the image
alignment and merging procedure, part of the NE crater region
lies at the edge of the overlapping fields of view and is par-
tially cut out in the resulting merged absorbance image. For

(1)
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Table 1: Main characteristics of the UV, TIR, and FLIR ground based systems used during the field campaign.

Image resolution (Pixel) Focal length

Pixel size* Hfov*' Vfov*" Frame rate Camera tilt}

(mm) (m) (m)  (m) (Hz) ()
3.0-41 (H)
TIR 320 (H) x 240 (V) 4 iasly) W8 132 05 30
0.6-0.6 (H)
UV 640 (H) x 480 (V) 24 0700 192 26 10 20
FLIR SC655 640 (H) x 480 (V) 413 041(H) —ooe 9g9 30 20
() x 480 ( : 0.44 (V)

* At vent distance (measured by laser rangefinder);
T Full frame;
# Above horizontal.

this reason, emissions from the NE crater were not included
in the quantitative analysis, even though partial signals from
INE activity are still visible in the time series (Figure 4). The
total SO, mass in the ROI within each frame is quantified by
integrating the SCD over the selected image area [Tamburello
et al. 2012]. Pixel dimensions at the vent are calculated based
on the horizontal and vertical distances between the plume
and cameras (measured by laser rangefinder), its inclination,
the field of view (FOV) of the lenses, and the number and size
of pixels in the detector.

While UV cameras provide high temporal resolution for de-
tecting short SOy bursts during Strombolian explosions, sev-
eral factors can affect data accuracy. One primary source of
error is the presence of ash and aerosols in the plume, which
cause absorption and reflection at the cloud’s surface [Kern et
al. 2010]. Throughout the acquisition, atmospheric conditions
remained relatively clear, and the plume was never optically
thick, except during the initial phase of ash-rich Strombolian
explosions. Although it was not possible to precisely quantify
the error introduced by ash interference, we minimized its im-
pact by using the FLIR thermal camera to accurately identify
the onset time of each explosion. This allowed us to select
SO, mass values from the UV camera data prior to any signif-
icant ash emission, ensuring that the retrieved UV signal was
not affected by ash-related absorption or scattering (negative
peak in Figure 2D). Another factor is given by plume orien-
tation with respect to the FOV. While ash particles quickly
settle, making the plume more transparent as it ascends, the
assumption that each pixel represents an equal distance from
the camera is inaccurate if the plume is moving closer or far-
ther. The positioning of the measurement site and varying
sunlight angles introduce uncertainty in SO, mass estimates,
primarily due to light dilution from photon scattering into the
camera’s field of view. The distance from the plume is the
dominant factor controlling this effect, as shown by Campion
et al. [2015], who reported underestimations of up to 25% at
a distance of around 2.0 km. The close proximity of the UV
camera to the crater rim and volcanic flanks made it diffi-
cult to correct for light dilution caused by reflected UV light
on the rocky background at varying distances [Campion et al.
2015]. Taking into account a reported 25% underestimation
at 2 km [Campion et al. 2015] and a reported 10% error at
500 m [Delle Donne et al. 2022], we estimate the uncertainty
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at our 1 km measurement distance to lie between these values.
Furthermore, based on estimates from comparable systems at
Stromboli (Lo Bue Trisciuzzi et al. [2024], following Kern et al.
[2010]), the SO, camera system can be estimated to have a
total uncertainty on the order of 30 %.

3.2 TIR camera

The novel TIR ground based camera system VIRSO; has been
developed in the sphere of the ESA-VISTA project* by AIRES
Itd. company. The system consists of three cameras: one vis-
ible, one TIR broadband (7.8—14 pum, BB) and another similar
TIR broadband with a narrowband filter in front (centered at
8.7 um, NB) [Guerrieri et al. 2025]. The two TIR BB cam-
eras consist of a 320 x 240 uncooled microbolometer detector
array (manufactured by SEEK Thermal, MOSAIC Core C3 Se-
ries, see Prata et al. [2024]) with a FOV of 56° x 42°, with a
12 pm pixel size. The overall system is extremely portable
(Figure 1B), relatively low-cost, and has an actual power con-
sumption of ~15Wh. Its ability to be used both day and night
can make it a very important tool for the continuous and real
time monitoring of volcanic emissions from the ground. The
full details of the new system are given in Guerrieri et al. [2025].
Here we describe the approach used to retrieve
SOy column amounts from the infrared spectra. The pres-
ence of the NB filter, essential for SO, retrieval, introduces
two main issues that require correction: (1) a circular opti-
cal artifact known as the ghost image, and (2) the loss of the
factory temperature calibration of the sensor (Supplementary
Material 1 Figure S1A). The ghost image occurs because the
interference filter is not perfectly transmissive, causing reflec-
tions of hot components behind the filter onto the detector.
To correct for this, a custom-built uniform-temperature black-
body target is placed close to the camersa, filling the entire field
of view. While the ghost is present in this calibration image,
its uniform background makes it easily identifiable and re-
movable. The extracted ghost signal is then subtracted from
all crater-facing scenes. The second correction addresses the
re-calibration of the NB images, which are primarily influ-
enced by the filter temperature rather than the scene temper-
ature. Calibration is based on a linear relationship derived
from two plume-free reference points in the BB and NB im-

*https://eodsociety.esa.int/projects/vista/
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Figure 1: [A] Geographic location of Stromboli and its high-Resolution SfM Topography obtained on 22-23 May 2023 [Civico and
Ricci 2024], showing the measurement site (solid red point) positioned at an elevation of approximately 400 m a.s.l., and at a
distance of 1023 m from the active vents. The left inset shows a detail of the NE (orange) and SW (cyan) crater areas, and the
location of the S1S2 vents. Field deployment of TIR [B] and UV camera-FLIR system [C] imaging instruments in line of sight to
the active crater terrace. [D] Synchronized still frames from TIR, FLIR, and UV recordings of an explosion at 12:24:46 23 May,
2023. FLIR and TIR panels display temperature variations, while UV panel shows the image captured at 310 nm The ROl is the
green box. The position of the active vents STand S2 (SW crater) and N1 (NE crater, excluded from analysis) is also shown. Axis
units are in pixels, and the size of the field of view of the images is provided in Table 1.

ages, typically the clear sky and the ground, chosen to span
a wide temperature range. Assuming the BB temperatures
(Supplementary Material 1 Figure S1B) as reference, the cal-
ibrated NB temperatures for these points are obtained from
radiative transfer model (RTM) simulations that account for
the camera geometry and the environmental conditions. After
ghost removal and BB re-calibration, we obtain a corrected
8.7 um temperature image (Supplementary Material 1 Figure
S1C). The third step involves computing a temperature differ-
ence image (DT) by subtracting a clear-sky reference image
from the corrected NB image (Supplementary Material 1 Fig-
ure S1D). This is the main information content of the retrieval
scheme, because the difference between the 8.7 um tempera-
ture inside and outside the plume depends on the SO, emis-
sion and consequently from its density. Similar DT values are
also obtained from RTM simulations varying the SO, vertical
column density (VCD) and the elevation angles () of the pix-
els of the TIR camera (Supplementary Material 1 Figure S1E).
Moreover, because also the clear air temperatures are not uni-
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form, and increase as the 0 angle decreases, it is necessary to
consider a “zero value” for each row of the image. It is pos-
sible to simply consider the smoothed row by row minimum
values of the overall image or, alternatively, it is also possi-
ble to use the clear sky temperatures simulated with the RTM
model.

Finally, the comparison of the simulated and measured NB
DT gives, by linear interpolation, the SOy content (Supple-
mentary Material 1 Figure S1F, which is then turned into SCD
by considering the elevation angles of each pixel (i, j) of the
image (Equation 2):

SCDi’j = VCDi’j/Sil'l 91-,]«. (2)

The SO, mass (M) is then computed by multiplying the SCD
with the camera pixel area (Equation 3).

M = Z Area; ; - SCD; ;. (3)
i.j
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In this work, the MODerate resolution atmospheric
TRANSsmission (MODTRAN) 5.3 [Berk et al. 2005] simulations
were performed using pressure, temperature and humidity
(PTH) vertical atmospheric values obtained from European
Centre for Medium-Range Weather Forecasts (ECMWF) Re-
analysis v5 (ERA5) dataset [Hersbach et al. 2023] on 24 May
2023 00 UTC, at Latitude = 38.75N and Longitude = 15.25E.

The different calibration steps and procedure inputs induce
several possible sources of error, not all easily computable. To
reduce the background error, the average SO, SCD value of a
40 x 40 pixel area outside the plume was computed and sub-
tracted to the retrieval. Other sources of errors, related to the
uncertainties of the input parameters, are easier to estimate.
In Guerrieri et al. [2025] a sensitivity study was performed
considering the uncertainties of the distance and thickness of
the plume, the PTH atmospheric values, and the central el-
evation angle of the camera giving an overall error of about
35%. Finally, two other important sources of error must be
considered for the measurements carried out in this study, in-
volving explosive activity. The first is related to the presence
of ash which, as the SOy content, affects the NB channel in-
creasing the apparent 8.7 um temperature of the plume (the
particles emit across the entire TIR spectrum) [Watson et al.
2004; Rearney et al. 2008; Corradini et al. 2009; Kearney and
Watson 2009; Corradini et al. 2010]. In this study, MODTRAN
simulations were performed assuming plumes containing only
SO, and no ash. Thus it is anticipated that the presence of
ash during the measurements will be misinterpreted by the
retrieval algorithm as additional SO,, leading to an overesti-
mation of the TIR-derived values. The second is related to
the fact that the chosen ROI close to the vent implies a ther-
mal contrast between the higher temperature plume and the
background, which is not considered in the RTM simulations
(where the plume is assumed in thermal equilibrium with the
surrounding air temperature).

3.3 FLIR camera

The thermal infrared camera (FLIR SC655, Figure 1C) ac-
quired high frequency videos of the explosive activity at 30
Hz, and at a spatial resolution of 640 x 480 pixels per im-
age (Figure 2A—2B). Thermal images were corrected for the
atmospheric absorption through the software after air tem-
perature (20 °C), humidity (50 %), emissivity (0.92) and target
distance input (1023 m), and then scaled by knowing pixel size
(17 pm), lens focal length (41.3 mm), distance (1023 m), and
dip angle of the camera (20°), obtaining a horizontal and verti-
cal FOV of 265 m and 230 m, respectively (Table 1). Note that
since the assumed surface emissivity (0.92) reflects typical val-
ues for volcanic particles, the temperatures measured during
gas-dominated explosions may be affected by an underestima-
tion, as volcanic gases emit less radiation (emissivity < 0.1). To
evaluate this effect, we quantified the expected underestima-
tion due to low emissivity using a simplified Stefan—Boltzmann
approach (full derivation in Supplementary Material 2). Our
calculation for a gas plume with a true temperature of 600 °C
(873 K) and an emissivity of 0.1 shows it would be recorded
as an apparent temperature of approximately 228°C (501 K).
In consideration of this, the temperatures derived from FLIR
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data must be regarded as apparent temperatures, and we con-
servatively estimate a maximum underestimation of ~60 %, for
gas-dominated events in our dataset.

Thermal infrared video analysis was carried out using
custom-built MATLAB algorithms [Gaudin et al. 2017] to extract:
(1) the mean ROI temperature anomaly (i.e. after subtraction of
the background temperature) over time, calculated as the av-
erage of all pixel values within the ROI; and (2) kymographs,
which display thermal anomalies over time (x-axis) and eleva-
tion (y-axis, m), with vertical pixels converted to meters based
on camera parameters (Table 1).

Kymographs (Figure 2C-2D) reveal distinct thermal anoma-
lies: bomb-sized pyroclasts show sharp parabolic traces, in-
dicating rise and fallout velocities; ash emissions appear as
diffuse streaks with positive slopes; gas emissions manifest as
rapidly dissipating transient thermal anomalies. Explosions
are quantified by identifying four key points (Figure 2C): ex-
plosion onset (P1) and offset (P2) given as first and last pyro-
clast ejection, maximum pyroclast height (P3), and a point on
the initial thermal rise 50 pixels above P1 (P4). From these
points coordinates, where x is time and y is vertical posi-
tion in meters, we define: duration as (xo — x), inter-event
time as the time between onsets of explosion i and that of
the previous explosion i — 1: (xq (i) — x1 (i — 1)), elevation as
(y3 — y1), and initial velocity as the slope between P4 and P1,
i.e. (ys —y1/xa —x1), representing the average ascent rate of
the explosion during the first ~20 m of the column. Vent iden-
tification is based on kymograph clustering and thermal video
cross-referencing. Explosions are categorized based on erup-
tive products [Patrick et al. 2007; Leduc et al. 2015; Simons et
al. 2020] using visual observations of the kymographs, along-
side FLIR original videos: i) Type 1 are ballistic-dominated
explosions with clear parabolic trajectories and little to no ash;
ii) Type 2a are mixed explosions with significant amount of
bombs and ash plumes, overlaying ballistic paths; iii) Type 2b
are ash-dominated explosions with few or absent ballistics,
forming vertically dispersed, inclined streaks; iv) Type 0 are
gas jets with sharp vertical anomalies; lower signals indicate
puffing/spattering. To quantify the peak SO, masses for each
explosion from TIR and UV data, we first identify the explo-
sion onset time (x{) using thermal images. The explosion’s
peak mass is then calculated as the difference between the
maximum SO, value, measured manually for each time se-
ries, and the onset time value (mg —my, Figure 2C-2D) . This
method effectively isolates the contribution of each explosion,
removing the influence of overlapping passive degassing. It
also helps reduce errors in UV baseline measurements ()
and accounts for temporary UV peak delays caused by ele-
vated ash concentration at the explosion’s onset. In our data,
choosing the negative minimum instead of the FLIR onset as
the reference my value results in a 3-15% difference in the
calculated peak mass relative to the FLIR onset method.

4 RESULTS

4.1 Observed explosive activity by FLIR setup measurements

During the observation period, 49 events were analyzed using
FLIR videos to characterize the explosion type. A range of
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Figure 2: Multiparametric analysis of two explosions at Stromboli on May 23, 2023. [A-B] FLIR thermal infrared images of a
Type 1 explosion at vent S1(10:58:50) and a Type 2b explosion at vent S2 (11:01:21), with 2 s and 4 s frame intervals, respectively.
N1 vent (NE crater, excluded from analysis) is also shown. [C-D] Examples of Type 1 and Type 2b explosions. Top panels show
S0, mass time series from UV (blue) and TIR (red) data. For each explosion, the peak SO, mass is calculated subtracting the
onset value (1) from the maximum value (2). Note the different left- and right-hand y-axes. In ash-rich explosions (panel [D]), the
UV signal exhibits a temporary negative peak , due to initially high ash concentration, which delays the SO, maximum. Bottom
panels show FLIR-derived thermal anomaly kymographs (in °C), shows volcanic ballistic projectiles during the Type 1 explosion
and the ash plume rising during the Type 2b explosion. In [C], the 4 points used to extract the explosion parameters are indicated.

explosion types was recorded, from gas-only bursts (Type 0)
to those dominated by bombs (Type 1) or ash (Type 2), eject-
ing varying proportions of lapilli- to bomb-sized pyroclasts.
Over the two days, Type 1 explosions were the most frequent
(67 %), followed by Type 2b (14 %), Type 0 (12 %), and Type 2a
(69%) (Table 2). Explosions from S1 were more frequent, clus-
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tered around moderate heights (~30-55 m) and shorter dura-
tions (~2-3 s), predominantly Type 1 and secondarily Type
0. In contrast, S2 explosions were more variable, ranging
from ~0—40 m in height and ~2-9 s in duration, displaying a
wider range of explosion types (Figure 3). Type 0 explosions
were the weakest, with short durations (<2 s) and low heights
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(<20 m). Type 1 explosions clustered at 40-55 m and 2-5 s,
although covered a wide range of heights (10-80 m) and du-
rations (<10 s), while Type 2a and 2b lasted longer, with the
latter displaying lower elevations (~0—40 m). Type 0 explo-
sions remained low (~10-30 m) and brief. Higher explosion
velocities (~20—40 ms~!), representing the average initial as-
cent rate of the pyroclast jet, generally corresponded to Type
1 events, while Type 0 and 2a explosions had lower veloci-
ties (<20 ms™1), reflecting weaker gas and ash jetting. Most
explosions recurred within 1-10 minutes, with some events
exhibiting up to 18 minutes inter-event time.

4.2 Comparing UV with TIR SO2 retrievals

The SO, mass time series from TIR and UV data process-
ing exhibit synchronized, sharp variations in signal amplitude
in correspondence to the onset of explosive events, as indi-
cated by fluctuations in the mean ROI temperature of ther-
mal images (Figure 4). The data captured changes in explo-
sion type, frequency, and passive degassing over the two days.
Overall, during explosive periods, TIR dataset shows signif-
icantly higher signal amplitudes compared to UV measure-
ments. Type 1 explosions are characterized by short-lived
peaks in TIR and UV signals, whereas Type 2 explosions—
particularly Type 2b—are associated with higher SO, peaks,
especially in the TIR signal. During these events, the UV signal
often shows a negative peak followed by a delayed maximum
relative to TIR (e.g. Figure 2B).

During non-explosive periods, SOy emission remains rela-
tively steady, and the variations observed suggest a contribu-
tion from passive degassing or smaller-scale active degassing
that is not captured by the FLIR camera. Additionally, some
fluctuations result from activity in the NE area, which lies out-
side the investigated field of view (Figure 4). The mean ROI
temperature remains stable throughout both observation pe-
riods, with minor fluctuations that may reflect variations in
background thermal intensity.

The point-by-point comparison of SO, time series from the
two methods, combining data from both 23 and 24 May 2023
(Figure 5A) shows a weak overall correlation (Pearson corre-
lation coefficient R = 0.32) over the full ca. 5-hour dataset. A
rolling correlation analysis (Figure 6), performed using 100 s
windows with 2 s steps, shows a marked improvement, with
R > 0.7 in 47 % of the windows. When both TIR and UV time
series are smoothed over 50 samples (=100 s) before applying
the rolling correlation, the agreement further increases, with
R > 0.7 in 60 % of the windows.

In terms of absolute mass values detected, a distinction
emerges between explosive and passive degassing conditions.
During explosive periods (shaded bands in Figure 4, orange
crosses in Figure 5), the interquartile range (IQR) of TIR-
derived SO, masses spans from 16 to 52 kg (median: 32 kg),
whereas UV retrievals yield much lower values, ranging from
6 to 15 kg (median: 9 kg). In contrast, during non-explosive
periods (data outside the shaded bands in Figure 4, blue
crosses in Figure 5), the two datasets provide closer values,
with TIR values ranging from 0.9 to 7.5 kg (median: 2.7 kg),
and UV values ranging from 3.4 to 6.8 kg (median: 5.0 kg),
accounting for ~70% of the total dataset. The TIR/UV mass
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ratio further illustrates this bias: during explosive events, TIR
exceeds UV by a median factor of ~3.2 (IQR: 1.7-7.4; vertical
box chart in Figure 5B). While most explosive data fall within
this range, a small subset (<8 %) represents outliers, reaching
15-280 times UV values.

When the TIR/UV SO, mass ratio is examined as a func-
tion of the mean ROI temperature recorded by FLIR a slightly
improved correlation emerges (R = 0.46, Figure 5B), showing
that the TIR/UV ratio increases linearly with mean ROI tem-
perature. This trend reflects the evident TIR dependence on
the mean ROI temperature (R = 0.57, Figure 5C) instead of the
UV showing negligible correlation (R = 0.1, Figure 5D). Dur-
ing explosive periods the mean ROI temperatures have IQR
values between 1.6 and 5.1 °C. Conversely, during passive de-
gassing the median TIR/UV ratio is <1 (0.6; IQR: 0.2—1.5) and
the mean ROI temperatures are lower (IQR: 0.8-2.0 °C).

We next focus on individual explosions for which the vent,
eruption type, and associated eruptive parameters have been
characterized. The SO, explosion’s peak masses from TIR
and UV measurements span 0.6—421 kg and 0.5-33 kg, re-
spectively (Figure 7A and Table 2). Explosions from the S2
vent release higher SO, masses than S1, with broader IQR and
higher median, particularly in the TIR-derived data. However,
the influence of the eruptive vent cannot be evaluated sepa-
rately, as vent S1 is almost exclusively associated with Type
1 explosions.

Median SO, mass increases from Type 0 to 1 to 2a and
2b events in both datasets. With the exception of the Type
2b explosions, which show the largest deviations in the TIR
data, variability remains comparable across the other types.
The statistical significance of some distributions, however, is
limited by the small number of analyzed events (e.g. only three
Type 2a explosions).

Notably, for the ash-dominated Type 2b events, TIR masses
exceed UV by a median factor of 22 (Figure 7B). Other types
(0, 1, 2a) show lower median factors, ranging 2-7. Excluding
Type 2a, whose statistical robustness is limited, a correlation
emerges between median TIR/UV ratio and median ROI tem-
perature (Figure 7B), allowing classification into two distinct
groups: Type 1 and 2b explosions, with high TIR/UV ratios,
correspond to bomb- and ash-rich, high-emissivity plumes
where apparent temperatures approximate true source tem-
peratures. Type 0 explosions with low TIR/UV ratios, are
indicative of gas-dominated, low-emissivity conditions where
apparent temperatures substantially underestimate true val-
ues.

5 DiscussioN

5.1 Comparative performance of TIR and UV SO, retrievals

Our measurements were acquired using the same field of view
and target distance, excluding geometric effects as a source of
discrepancy. The generally low correlation between UV and
TIR SO, measurements over the full time series (R = 0.32;
Figure 5A) therefore reflects the transient, heterogeneous na-
ture of the vent-proximal plume. Decorrelation arises from
the different sensitivities of the two sensors to rapid variations
in plume composition and radiative conditions—UV being af-
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Table 2: Statistical distribution of the UV and TIR camera's SO, mass data, as shown in Figure 5A (explosive and non-explosive
periods) and Figure 7A (individual explosions, grouped by vent and type). Reported values include the median, interquartile range
(IQR), and the number of data points for each distribution.

Median mean

ONfuéztbaer Median SO, masses (kg) (IQR) g/i?;a(rllQ"I};I)R/UV ROI Temperature
(*C) (IQR)
UV camera TIR camera
Explosions’ peak mass (by vent)
S1 34 2.8 (1.3-5.4) 22.9 (8.8-36.9) - -
S2 15 14.6 (8.0~18.4) 125.8 (51.9-273.3) - -
Explosions’ peak mass (by type)
0 (gas-dominated) 6 (12%) 2.0 (1.3-14.9) 10.4 (7.2-42.8) 6 (3-7) 4 (3-6)
1 (coarse pyroclasts) 33 (67%) 3.9 (1.6-6.4) 26.3 (12.6-47.1) 7 (3-13) 12 (7-16)
2a (ash-dominated, with o
ballistic particles) 3 (6%) 11.4 (9.5-14.5) 40.9 (24.9-61.5) 2 (1-8) 6 (5-7)
2b (ash-dominated, with o
fewer ballistic particles) 7 (146%) 146 (112-150) 2780 (2437-3405) 22 (20-30) 14 (11-28)
Time series data
Explosive periods 2143 9.4 (5.8-15.1) 32.0 (15.9-51.7) 32(1.7-7.4) 2.7 (1.6-5.1)
Non-explosive periods 4727 5.0 (3.4-6.8) 2.7 (0.9-7.5) 0.6 (0.2-1.5) 1.2 (0.8-2.1)
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Figure 3: Explosions parameters characterized by FLIR video analysis. The scatterplots show height against [A] duration, [B]
velocity, representing the average initial ascent rate, and [C] inter-event time for each explosive event recorded on 23-24 May
2023. Explosions are classified into Types: 0 (gas jet, cyan), 1 (ballistic-dominated, red), 2a (bombs + thick ash plume, yellow),
and 2b (ash-dominated, purple). Filled and empty symbols correspond to source vents S1 and S2. Boxplots summarize the
distributions for each explosion type. Boxes represent the interquartile range (IQR), whiskers extend to 1.5 x IQR, and outliers

are beyond this range.

fected by haze, aerosols, and water droplets, while TIR re-
sponds to temperature contrasts and silicate ash. Even small
temporal or amplitude offsets resulting from these differen-
tial responses can distort signal shapes and misalign peaks

s

Presses universitaires de Strasbourg

between the two datasets (see Figure 2D and Supplementary
Material 1 Figure S2). Rolling correlation analysis confirms
this interpretation: over short intervals (<2 min), strong pos-
itive correlations (R > 0.7, Figure 6) occur in nearly half the
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Figure 4: Time series of S0, mass (kg), estimated through simultaneous acquisition by UV-camera (blue line), TIR (red line) and
temporal variation of the ROl mean temperature anomaly measured by FLIR (black line) acquisition, during [A] 23 and [B] 24
May 2023, respectively. Explosive events and types are also reported: Type 0; Type 1; Type 2a and Type 2b, as indicated by the
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in TIR and UV data are marked in grey, reflecting periods when measurements were unavailable.
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Figure 5: Comparison of SO, retrieval techniques using TIR and UV data collected on May 23-24, 2023. [A] Scatter plot showing
poor correlation of SO, mass from TIR versus UV measurements (R = 0.32), including all data from the two days. Corresponding
boxplots highlight distribution differences (see also Table 2). [B] TIR/UV ratio as a function of mean image temperature, showing
a positive correlation (R=0.46). [C, D] Relationship between SO, mass retrievals and mean ROI FLIR temperature for TIR (R =
0.57) and UV (R = 0.1) measurements, respectively. The solid line in B and C represents the best-fit linear trends. Each cross
corresponds to an individual sample from the time series (resampled at 0.5 Hz, as in Figure 4; orange: explosive; blue: passive),
and circles indicate explosions’ peak SO, mass and temperature (yellow: 23 May; green: 24 May) retrieved with the method

shown in Figure 2.

cases, increasing to ~60 % after applying a 100-second moving
average smoothing. This improvement indicates that high-
frequency fluctuations, rather than eruptive state, dominate
the decorrelation observed in the raw data. Thus, TIR and
UV retrievals provide coherent SO, variations over short, sta-
ble periods, while long-term decorrelation mainly reflects the
integration of rapid, sub-minute plume dynamics.

The two techniques perform differently across degassing
regimes (Figure 5). During non-explosive periods, when the
plume is cooler and particle-poor, TIR and UV measurements
yield comparable SO, mass estimates (median TIR/UV ~0.6),
corresponding to a mismatch of about 40% (calculated as
100 x (TIR-UV)/UV). In contrast, during explosions, TIR and
UV retrievals diverge significantly (median TIR/UV ~ 3.2, Fig-
ure 5 and Table 2), with a median discrepancy of roughly

% Presses universitaires de Strasbourg

220 %, indicating that the divergence increases when eruptive
material (either ash or incandescent bombs) enters the field
of view, and highlighting the strong influence of plume con-
ditions and radiative environment on the agreement between
the two techniques.

The positive correlation between the TIR/UV SOy mass ra-
tio and the mean ROI temperature (R = 0.46; Figure 5B) fur-
ther reflects the effect of thermal radiation and scattering by
ash and incandescent particles on the TIR signal (Figure 5C),
with TIR overestimation scaling with explosion type, corre-
sponding to “cold” versus “hot” FLIR apparent temperatures,
which serve as a proxy for gas-dominated versus particle-
dominated plumes. High-emissivity, ash-rich plumes and in-
candescent magma fragments (Type 1) show the greatest off-
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Figure 7: Scatter plots illustrating the correlation between [A] the explosion’s peak SO, mass estimated by the UV and TIR
cameras and [B] their ratio TIR/UV versus explosion Mean ROI temperature (peak value). For each scatterplot, the boxplots
display the median, interquartile range, minimum and maximum values of the quantities in the horizontal and vertical axes,
categorized by vent (S1 or S2) and explosion type (0, 1, 2a, 2b, see Table 2).

set, while lower-emissivity, particle-free, Type 0 explosions
exhibit closer UV-TIR agreement.

Hence, the primary driver of the amplitude mismatch be-
tween TIR and UV datasets is the uncorrected effect of ash
content and high-temperature material on TIR measurements
(Figure 5C): ash particles, emitting in the thermal infrared
spectrum, are misinterpreted by the TIR retrieval algorithm as
additional SO, contributing to the systematic overestimation
of SO, mass in the TIR data. This effect is difficult to correct
without independent constraints on particle size, emissivity,
concentration, and spatial distribution [e.g. Corradini et al.
2009]. Furthermore, hot ballistic bombs (prominent in Type 1
explosions), cause sharp temperature spikes that can dominate
the radiative signal, further biasing TIR measurements and in-
flating SO, estimates—especially when falling within the re-
gion of interest [e.g. Prata and Bernardo 2009; 2014; Lopez et
al. 2015].

In contrast, UV-based SO, retrievals are largely unaffected
by temperature (Figure 5D), but they can be temporarily dis-
turbed by ash, which causes radiative transfer effects attenu-
ating UV signals. This interference is most pronounced dur-
ing the first few seconds of an explosion, when the plume is
densest and optically thickest [Kern et al. 2010; Tamburello
et al. 2012]. At Stromboli, ash concentrations during Type
2b explosions were measured to range between 1073 and
107° kgm™2 in the first seconds of explosions, followed by
rapid dilution [Donnadieu et al. 2016]. This effect was evident
in our measurements of Type 2b explosions, where the large
volumes of ash at the onset of the explosive events caused
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a negative peak in the UV signal (Figure 2D). However, our
explosion’s peak masses have already been corrected for this
effect, as the adopted SO, mass picking strategy excluded the
negative peak (Figure 2D). This approach effectively removed
the main source of underestimation due to concentrated ash,
which would otherwise have led to a 3—15% difference in the
SO, mass estimate for Type 2b events. Residual interference
from ash cannot be completely ruled out, but differences in
underestimation among explosion types are minimised. The
remaining baseline uncertainty—caused by radiative transfer
effects such as scattering by aerosols and ash—affects all mea-
surements, including passive and active degassing as well as
all explosion types; we consider this quantity, typically around
30% [Kern et al. 2010], to represent the residual error affecting
our UV data.

To summarise, the significant SO, mass differences found
for 2b explosions likely results from the opposite combined re-
sponse of the two sensors. Since the residual uncertainty from
UV measurements is relatively small (~30 %) compared to the
much larger discrepancies observed for explosive events (Fig-
ure 7, Table 2), we attribute the majority of the mismatch to
the TIR retrieval algorithm, which does not fully correct for
particle-related effects. This highlights that our ground-based
TIR technique is currently unsuitable for SOy retrieval during
high-temperature, ash-rich explosive activity and requires ash
and temperature-based correction. Conversely, during passive
degassing the methods yield comparable SO, mass values.
These findings underscore the complexities of SO, retrieval
from different techniques and emphasize the necessity of inte-
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grating multiple approaches for a more comprehensive assess-
ment of volcanic gas emissions. The poor point-by-point cor-
relation analysis observed between TIR and UV, highlight the
importance of considering environmental and methodological
factors when interpreting SO, data, particularly in dynamic
explosive settings like Stromboli, where ash content, particle
distribution, and localized temperature spikes limit the relia-
bility of TIR-UV correlation.

5.2 S0, emissions comparison with previous studies

Given the above discussed limitation on TIR-based SO,
masses, UV-based measurements offer a more conservative
and reliable estimate of explosive SO, output for direct com-
parison with prior studies. The explosion type classification
reveals a clear increase in UV-retrieved SO, mass with ash
content. Ash-free explosions (Type 0 and 1) show the lowest
SO, emissions (UV median 2.0-3.9 kg), while ash-rich explo-
sions (Type 2a—b) show the highest (UV median 11.4-14.6 kg).
Overall, our UV-measured explosion masses of 1-33 kg align
well with previous findings at Stromboli, reporting SO, ‘ex-
plosive masses between 2 and 55 kg [Mori and Burton 2009;
Tamburello et al. 2012; Barnie et al. 2015; Delle Donne et
al. 2017; Delle Donne et al. 2022]. This consistency, despite
the differences in methodologies and observational conditions,
supports the robustness of our UV-based retrievals. A broader
comparison with Ilanko et al. [2020], who reported Strombo-
lian explosion SO, masses at Yasur volcano between 8-81 kg
(mean of 32 kg), suggests similar active degassing styles, albeit
at different volcanoes. Lastly, our UV data are consistent with
observations at Etna during mild Strombolian activity, where
SO, masses ranged from 0.1 to 14 kg [Bani and Lardy 2007].

Our study allows a distinction between passive and active
degassing, crucial in interpreting SOy emissions at Stromboli.
During passive degassing—defined as the continuous emission
of volcanic gases outside explosive phases—both UV and TIR
methods recorded consistent background SO, emissions, with
masses per frame ranging 3-7 kg and 1-8 kg (IQR values), for
UV and TIR respectively (Table 2). Specifically, these val-
ues represent the integrated SO, mass within the defined ROI
for a single frame, effectively giving an instantaneous plume
mass (i.e. the sum of pixel values converted to mass). Con-
verting these data to fluxes could be done by calculating the
frame by frame change in integrated mass over time (Am/At).
In practice, this method can be noisy and inaccurate unless
mass is steadily increasing or decreasing in the ROI To better
compare literature data on passive degassing, it is more appro-
priate to consider, rather than discrete SO, masses, the SO,
flux obtained by integrating the SOy column densities along
a transect located inside the ROI, approximately 10 m above
the crater terrace (See Supplementary Material 1 Figure S3B)
and multiplying by an assumed average plume rise speed of
~2 ms~! [following Tamburello et al. 2012]. Explosive periods
were excluded from the analysis to isolate passive degassing.
Under these conditions, UV and TIR data provide median SO,
fluxes of 0.4 kgs™! (IQR: 0.2-0.6) and 0.5 kgs~! (IQR: 0.1-2.1),
respectively. These values are consistent with previously re-
ported background SO, fluxes for Stromboli under passive
degassing conditions [0.2-0.7 kgs~!; Tamburello et al. 2012;
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Burton et al. 2015; Delle Donne et al. 2017; Delle Donne et al.
2022), confirming that both UV and TIR techniques provide
similar SO, estimates during passive degassing, especially in
the absence of thermal and particulate interference from ex-
plosions.

5.3 Strengths and limitations of observation methods

Our findings highlight that both UV camera and the VIRSO,
TIR-based camera have distinct advantages and limitations.
The UV camera provides high-temporal-resolution measure-
ments, making it particularly effective for capturing active de-
gassing during explosive events. The UV method is not af-
fected by temperature variations, ensuring more stable SOy
retrievals regardless of the thermal conditions at the vent. Po-
tential underestimations in the vicinity of the vent due to ash
content can be mitigated using our proposed strategy. Further-
more, because UV cameras rely on sunlight passing through
the plume, they require proper positioning and time of day
to ensure strong SO; signals and minimizing glare or low
contrast. Another limitation, specific to the camera system
used here, is the small FOV. Despite these restrictions, its high
frame rate makes it well-suited for monitoring dynamic vol-
canic activity in an environment like Stromboli, where rapid
gas pulses are common.

The VIRSO, based TIR camera system offers the advantage
of day and night operation, making it particularly useful for
continuous long-term monitoring. However, its low acquisi-
tion frequency limits its ability to detect short-lived emissions
associated with Strombolian explosions. Currently, the main
limitation is that the retrieval algorithm does not correct for
ash and temperature spikes that dominate the radiative signal.
A new algorithm addressing these effects will make the system
suitable for Strombolian explosions. Since the primary goal of
our study was to compare the two retrieval techniques under
controlled conditions, we adopted the method based on the
near-vent ROl for SO, mass retrieval. While this approach
inevitably emphasized the overestimation in the TIR data, it
enabled a spatially and temporally synchronized comparison
with the UV camera, ensuring that discrepancies between the
two signals were attributable solely to instrumental differences
rather than variable analysis setting.

The more conventional SO, flux-based approach which in-
volves integrating the column amounts along a plume-crossing
transect and multiplying by an assumed plume velocity, could
in principle optimize the performance of each instrument,
however, it requires different analysis settings for each sys-
tem. As a test, we applied this method by considering the
same UV transect near the vent (~10 m) to maximize the
signal detectability and a TIR transect placed higher in the
plume (~500 m, Supplementary Material 1 Figure S4), to re-
duce temperature-related biases. The assumed plume veloc-
ities were ~20—40 ms~! for the UV data (based on the in-
terquartile range of measured explosion speeds; Figure 3B)
and ~2-5 ms™! for the TIR data (estimated from buoyant rise
observations at that height).

While this method did result in reduced discrepancies be-
tween SO, masses (Supplementary Material 1 Figure S4A),
the TIR still overestimated SO, by a factor of 3—4. Moreover,
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the flux-based method introduced several additional sources
of uncertainty:

1. Velocity assumptions varied substantially between in-
struments and were not directly measured; in particular, ap-
plying a constant velocity to the UV data, while improving
results during explosive phases, produced unrealistically high
fluxes during passive degassing periods;

2. Spatial and temporal misalignment between the two
transects complicated the comparison, as each instrument was
observing different parts of the plume at different times;

3. Finally, mass conservation with elevation is not guaran-
teed, as explosive plumes are subject to rapid lateral spread-
ing, buoyancy effects, and mixing with ambient air, which can
cause a portion of the SO, to disperse or exit the field of view
before TIR detection.

This last issue was particularly pronounced for the small,
short-lived explosive plumes studied here, which often did
not reach the TIR transect.

In light of these limitations, we find that the ROI-based mass
retrieval approach, despite emphasizing TIR’s known thermal
biases, provided a more robust and consistent comparison un-
der our observational conditions. At present, the TIR method
remains more suitable for passive degassing measurements
or when used in regions of the plume where temperatures
and particle concentrations are low, minimizing related biases
[Guerrieri et al. 2025].

5.4 Implications for future monitoring

While UV and TIR techniques both capture volcanic emis-
sions, they respond differently: UV tends to underestimate
SO, due to ash induced-scattering , whereas the current TIR
dual-camera system is unable to completely correct for ther-
mal radiation and scattering from ash and aerosols contam-
ination overestimating it (up to one order of magnitude) due
to spectral interference. This highlights the need to improve
TIR SO, retrieval methods, to account for thermal contamina-
tion. A new correction approach is in development, building
on experience with satellite-based TIR retrievals [Corradini et
al. 2009].

Future improvements should address not only ash contam-
ination but also thermal contrast in TIR data. Using multi-
channel thermal imagery can help quantify temperature dif-
ferences, enabling correction of narrowband SO, retrievals—
following previous methods that used the 8.6 um channel for
SO,, 11-12 pum channels for ash, and the 10 um channel, min-
imally affected by water vapor, for plume temperature [Prata
and Bernardo 2009; 2014; Lopez et al. 2015]. Further, the au-
tomation of data acquisition and transmission is already under
development, with testing expected soon.

We are also developing an optical flow algorithm using UV
and high-speed thermal imagery to track the time-resolved ve-
locity of both gas and solid plume components. Once these
tools are refined, new co-located, time-synchronized UV-TIR
acquisitions should be prioritized for better cross-validation.
Ash-free or passive degassing conditions offer the most reli-
able calibration data and should guide algorithm development.

% Presses universitaires de Strasbourg

Future campaigns should also integrate supporting data—like
wind profiles and atmospheric temperatures—to better con-
strain plume dynamics and radiative effects. These enhance-
ments will ultimately improve SO, flux estimates in both ex-
plosive and quiescent scenarios.

6 CONCLUSIONS

This study presents a comparison of ground-based UV and
TIR retrievals of SO, mass during Strombolian activity at
Stromboli volcano, highlighting the strengths and limitations
of each technique. Both methods showed a synchronized re-
sponse to SOy emission peaks, with correlation improving
over minutes-long intervals compared to hours-long periods,
but significant discrepancies exist, especially during ash-rich
explosions due to their differing sensitivities to plume compo-
sition and radiative effects.

UV cameras, with their high temporal resolution, excel at
capturing active degassing but are limited to daylight oper-
ation and constrained by solar geometry and optical depth
effects. TIR measurements, on the other hand, provide con-
tinuous day-night observations but are strongly affected by the
intertwined effects of explosion temperature and ash content,
which together influence radiative transfer, leading to system-
atic overestimations of SO, mass, especially in ash-dominated
explosions.

Despite these challenges, UV-based SO, retrievals in this
study are consistent with previous findings at persistently ac-
tive volcanoes, confirming their reliability for both explosive
SO, quantification and passive degassing with only limited
underestimation in ash-rich plumes. Once the TIR model is
refined to account for temperature and ash effects, an inte-
grated UV-TIR approach is recommended to optimize SO,
monitoring in volcanic settings, ensuring a more comprehen-
sive assessment of both explosive and passive degassing.
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